Abstract Maternal smoking during pregnancy (SDP) has been associated with several psychiatric outcomes in the offspring; studies have questioned whether the associations are causal, however. We analyzed all children born in Sweden between 1983 and 2009 to investigate the effect of SDP on multiple indicators of adverse outcomes in three areas: pregnancy outcomes (birth weight, preterm birth and being born small for gestational age), long-term cognitive abilities (low academic achievement and general cognitive ability) and externalizing behaviors (criminal conviction, violent criminal conviction and drug misuse). SDP was associated with all outcomes. Within-family analyses of the pregnancy outcomes were consistent with a causal interpretation as the associations persisted when siblings discordant for SDP were compared. For the cognitive and externalizing outcomes, the results were not consistent with causal effects; when comparing differentially exposed siblings none of the associations remained significant. In quantitative genetic models genetic factors explained the majority of the associations between SDP and cognitive and externalizing outcomes. The results suggest that the associations between SDP in mothers and cognition and externalizing behaviors in their offspring is primarily due to genetic effects that influence the behaviors in both generations.
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Background
Maternal smoking during pregnancy (SDP) has been associated with adverse pregnancy outcomes and long-term cognitive and behavioral difficulties in the offspring (e.g., ADHD and low cognitive functioning) in humans, as well as in animals (Cnattingius 2004; Huizink and Mulder 2006; Knopik 2009 ). Researchers have suggested plausible biological mechanisms, such as fetal restriction of nutrients and oxygen (Huizink and Mulder 2006) , alterations in neural development through nicotine binding to the nicotinic acetylcholine receptors in the fetal brain (Huizink and Mulder 2006; Knopik 2009 ), dysregulation of hypothalamic-pituary-adrenal axis (Huizink and Mulder 2006) , and epigenetic effects (Knopik et al. 2012) . Although SDP seems to be causally related to pregnancy outcomes, the causality of its effects on long-term difficulties have been questioned (Knopik 2009 ).
Many carefully designed observational studies on SDP and long-term outcomes have been carried out, e.g. by Paradis et al. (2011) investigating SDP and criminality at approximately 33 years of age while controlling for a number of measured covariates. Most observational studies that have compared unrelated individuals have found that SDP independently predicts offspring traits when controlling for parental characteristics that covary with SDP (reviews in Glantz and Chambers 2006; Wakschlag et al. Edited by Valerie Knopik.
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2002). However, a continuing concern is missing adjustments of important unmeasured confounders, such as maternal and paternal personality traits, intellectual abilities, and psychiatric problems that were either not included in the studies or were measured imprecisely, which has highlighted the need for other types of designs to resolve these issues . For example, several twin studies have shown that SDP is a genetically influenced trait (Agrawal et al. 2008; D'Onofrio et al. 2003; Ellingson et al. 2012 ) with heritability estimates ranging from 34 to 52 %; the genetic factors that influence SDP are shared with criminal convictions and drug use , as well as nicotine dependence (Agrawal et al. 2008) . Genetic factors passed down from parents to their offspring could, therefore, account for the statistical associations between SDP and offspring traits. Thus, we believe that a genetically sensitive approach to the analysis of the association between SDP and any heritable outcome is of high importance.
Several quasi-experimental studies (e.g., comparisons of siblings differentially exposed to SDP and in vitro fertilization studies) have suggested that the long-term associations are due to familial confounding, rather than being causal (D'Onofrio et al. 2008 (D'Onofrio et al. , 2010a (D'Onofrio et al. , b, 2012 Gilman et al. 2008; Kuja-Halkola et al. 2010; Lambe et al. 2006; Langley et al. 2012; Lundberg et al. 2010; Thapar et al. 2009 ), see review in D' Onofrio et al. (2013) . The scientific community is, however, still far from a consensus regarding the question of causality (see e.g. Slotkin (2013) ).
To date most of the quasi-experimental studies on SDP have not investigated the extent to which the familial factors that confound the associations are due to genetic and/or environmental effects. In vitro fertilization studies (Thapar et al. 2009 ) have suggested that genetic factors confound the associations, but sibling-comparison studies cannot identify the source of familial confounding (Donovan and Susser 2011; Lahey and D'Onofrio 2010) . Furthermore, researchers need to examine the assumptions and limitations in the designs they use because each design has limitations and assumptions. Ultimately, finding the sources responsible for the underlying associations between smoking during pregnancy and offspring outcomes is essential for prevention/intervention efforts, as well as informing subsequent basic research ).
In the current study we used family-based quasi-experimental methods, such as sibling-comparisons and Children of Siblings/Twins designs Heath et al. 1985; Silberg et al. 2003) , on total population data of 2.75 million Swedes, to test causal inferences and disentangle genetic and environmental effects of the association between SDP and outcomes in offspring. We studied three areas of possible adverse effects in offspring that have been related to SDP: pregnancy outcomes, longterm cognitive outcomes, and long-term externalizing outcomes. We also tested several fundamental assumptions of sibling-comparison designs to examine whether these would unduly influence our conclusions.
Methods
Subjects
We linked several nationwide Swedish registries maintained by government agencies using the unique personal identification number given to all Swedish citizens. These registries cover in principle the entire population (Ludvigsson et al. 2009 ). The use of these databases has been approved by the ethics committee at Karolinska Institutet, Stockholm, Sweden.
We studied all individuals born in Sweden from January 1st 1983 to December 31st 2009, consisting of 2,754,626 children, because valid data on smoking during pregnancy is available with good coverage from 1983. However, because we studied different outcomes, the investigated associations were made on different cohorts; see Table 1 for number of individuals available for analyses for each outcome. All outcomes were followed until 2009.
Relationships
Using the Multi-Generation Register and the Swedish Twin Register, we constructed extended families of different sizes and relations. We randomly selected up to two sisters who were mothers in each extended family (except we chose all female twin pairs). Then, we randomly drew up to two of each mothers' offspring, constructing up to two nuclear families within each extended family. We included nuclear families of three different types: single offspring, full-siblings and maternal half-siblings; and extended families of six different types: mothers without siblings, monozygotic twin mothers, dizygotic twin mothers, mothers who were full-siblings, and mothers who were maternal or paternal half-siblings.
Measures
Smoking during pregnancy
At the first antenatal visit for pregnant women, generally in the first trimester (before week 15), the nurse asked whether the mothers were smoking at that time. This is registered in the Swedish Medical Birth Register (MBR) (Centre for Epidemiology 2012) and was coded as 0 (No) Behav Genet (2014) 44:456-467 457 or 1 (Yes). A study found the self-reported SDP to be valid, with only 6 % of reported non-smokers having cotinine levels indicating that they were actually smoking (Lindqvist et al. 2002) .
Outcomes
From the MBR we used birth weight (measured by midwifes at the hospital after delivery), gestational age (in days and calculated using either ultrasound or time since last menstrual period), and preterm birth (defined as being born gestational day 259 or earlier, but not before day 155 (week 22) where the birth was considered to be a late miscarriage, rather than a preterm birth). We defined being born small for gestational age as having birth weight in the lowest 10 % compared within gender and gestational day. From the School Registry we collected grades in upper school, at approximate age 15. We created a binary variable to capture low academic achievement, using similar data as Lambe et al. (2006) , although with a different operationalization; the lowest 10 % were coded as a 1 and the rest as 0. Individual with missing grades, indicating noncompletion of the compulsory first nine school years, were included in the poor performance group. We collected a measure of general cognitive ability (Frisell et al. 2012b ) from the Swedish Conscription Registry. The measure was recorded on a 9-grade scale, with hypothesized mean of 5 and standard deviation of 2. Military conscription was enforced by law until 2007 and was generally performed by men at 18 years of age. Only males that were between 17 and 20 years at conscription were included.
From the Crime Register we collected convictions of crimes in Swedish lower court. As a measure of criminality we used any conviction registered. For violent criminality we used convictions defined as in Frisell et al. (2011) . In Sweden the age of criminal responsibility is fifteen, we limited the sub-cohort to cover individuals with at least 5 years at risk, and recorded convictions within this time period, i.e. between ages 15 and 20. Thus the sub-cohort covers offspring born between 1st January 1983 and 31st December 1989. In line with Kendler et al. (2012) we used a combination of diagnoses of alcohol/drug dependence from the Patient Register and drug-related convictions (including convictions for driving while intoxicated) from the Crime Register to get a measure of drug/alcohol misuse. The Patient Register contains diagnoses from all inpatient care instances that require hospitalization overnight, as well as admissions in outpatient settings since 2001. For these analyses we selected a sub-cohort with individuals at risk until age 22 and recorded drug/alcohol misuse as a one if there was a diagnosis or conviction before 22nd birthday, and as a zero otherwise, thus this sub-cohort consisted of individuals born between 1983 and 1987. For these externalizing behavioral outcomes the probability of observing an offense/diagnosis for any subject is dependent on time of follow up. The maximum ages was chosen to balance the probability of outcome with the number of eligible individuals. As a consequence, rather than analyzing convictions/diagnoses at any time in an individual's life, we are analyzing specific age-limited periods. For example, it is possible that early onset criminality has a higher genetic liability. Thus, this selection can have implication for generalization, and generalizations outside early onset criminality/drug abuse should be done with caution.
General cognitive ability and birth weight were treated as continuous variables in the analyses, whereas the other outcomes were treated as binary variables.
Covariates
We included three covariates from the MBR which we adjusted for in all analyses where applicable; gender of offspring, maternal age at childbirth, and birth year.
Statistical analyses
Ordinary regression: establishing associations
We estimated the crude and covariate adjusted association between SDP and each outcome using linear (continuous outcomes) or logistic (binary outcomes) regressions. We used the statistical software R (R Development Core Team 2012) base package for analyses.
Within family analyses: investigating familial confounding
To investigate potential confounding by factors shared within families we performed within-family analyses. We studied siblings (where comparisons were made within full-siblings and within maternal half-siblings) and cousins (separately for full-cousins and half-cousins). For practical reasons, we selected a random pair of cousins per extended family in the analyses with continuous outcomes.
To estimate the within-family effects (Neuhaus and Kalbfleisch 1998; Neuhaus and McCulloch 2006) , we performed conditional logistic regression for the binary outcomes, where each extended family was treated as a cluster in cousin comparisons, and nuclear families were treated as clusters in sibling comparisons. For the continuous outcomes, we included a pair-specific mean of the exposure as a covariate as well as a shared random intercept in a linear mixed model. Both methods produces a within-pair estimate that can be considered to be closer to the true, causal, parameter under certain assumptions (Frisell et al. 2012a ). All siblings and cousins were included in these analyses, regardless if they were concordant or discordant in SDP, since information from other included covariates contributes to the likelihood. We used the package survival (Therneau 2012 ) and the package lme4 in the statistical software R (R Development Core Team 2012) to fit the models. Here, and in the ordinary regression analyses, missing values in SDP and outcome were handled by case-wise deletion.
Structural equation models: estimating magnitude of genetic and environmental confounding
We then performed structural equation modeling (SEM) to investigate the source of potential familial confounding in a model we call the ACMPE model. We extended the standard models used in twin research, which decompose variance into genetic (A) and shared (C) and non-shared (E) environmental influences (Neale and Cardon 1992) , to include five variance sources for each phenotype (Table 2 ; Fig. 1 ). The main difference between the ACMPE model and the standard twin model is (1) that we estimate an intergenerational bivariate association (i.e., one phenotype in parental generation and one in offspring generation) and (2) that the shared environment is decomposed into environments shared by mothers and cousins (M), fathers and full-siblings (P), and all children of one mother (C). The model is more extensively explained in Appendix A in Supplementary Material. To exemplify the variance parameters aimed at capturing different environmental sources of variance and covariance we here present a hypothetical example of SDP, childrearing regimes and academic achievement. Note that all associations are made up.
The C parameter
A woman behaves affectively towards her children, a behavior she learned from experiences not shared with her sister. Affective parenting is correlated with lower levels of SDP and makes all siblings in the nuclear family less liable to act out in school, which influences the offspring's higher academic achievements.
The M parameter
Two sisters were raised by parents who were very goaloriented, pushing them to aim for good grades, a behavior correlated with higher levels of SDP. Both sisters act similarly as their parents, both by having higher levels of SDP, and pushing their own children. Thus, all cousins in the extended family tend to have high academic achievement.
The P parameter
A mother changes spouse between pregnancies, and the new spouse convinces her to quit smoking in her second pregnancy. The first child does not receive as much reinforcing feedback on her academic development by the father of the second child, making her perform worse academically.
The E parameter
A mother starts to smoke between first and second pregnancy, and continues while pregnant with her second child. The worse environment in utero restricts the neurological development of the second child, making her less mentally capable and therefore she performs academically worse (a scenario where SDP is causally affecting academic achievement).
We fitted this bivariate model separately for SDP and each outcome, and estimated all the covariance parameters. Thus, we partitioned the association between SDP and each offspring outcome into A, C, M, P and E factors and estimated how much of the correlation between SDP and outcome that is due to each factor.
To find a parsimonious model, where the number of parameters that fit the data is minimized without significant loss in explanatory power, we performed a series of likelihood ratio tests, where we excluded non-significant parameters in the outcomes (at a-level 0.05). We started with the parameter for the outcome with lowest value and the corresponding cross-phenotype parameter (e.g., paternal effect and its correlation with paternal effect in SDP), after elimination of pairs of parameters we continued with just the cross-phenotypic parameters in a similar fashion until all parameters in the model were significantly different from zero. The resulting model is called ''best-fitting model''. The within-phenotype E-parameters were not subject to significance testing since they contain random error. Because of potentially causal interpretation (D' Onofrio et al. 2013; Kendler et al. 1993, Turkheimer and Harden, Submitted) the cross-phenotypic E-parameter was included in the final model regardless of statistical significance. For the binary outcomes we used the liabilitythreshold model, where an underlying normal distribution is assumed for the liability of having the outcome. If an individual has a liability higher than an estimated threshold the variable is observed as 1, otherwise as 0. For each variable we allowed different types of families to have different means/prevalences by letting the mean in the assumed underlying normal distribution be different both for nuclear families and extended families (because the mean/prevalence of exposure and outcomes is different in, for example, full-and half-sibling families). Rather than investigating potential mediating or moderating effects of birth year, gender, and maternal age, we adjusted the means/prevalences of each variable for the covariates, where we included linear and quadratic terms for maternal age and birth year.
We used the package OpenMx (Boker et al. 2011 (Boker et al. , 2012 in the software R (R Development Core Team 2012) to fit SEMs. All code is available on request from the corresponding author. Missing values in exposure and outcome were handled using full information maximum likelihood.
Sensitivity analyses
As in any statistical analysis, the within-sibling analyses (from which we aim at drawing the strongest causal inferences) rest on a number of assumptions. In Appendix B in Supplementary Material we investigate three of the assumptions which potentially may affect our analyses (generalizability of mothers who change their smoking pattern between pregnancies, carry-over effects, and sibling contagion effects), see D'Onofrio et al. (2013) for an in-depth description of issues in sibling comparisons.
Results
Descriptive
In Table 3 we present the means and prevalences of the outcomes for pregnancies where the mother did and did not smoke while pregnant, as well as when smoking status was missing. For all of the outcomes the values in the group where mothers smoked while pregnant compared were worse than when the mother did not smoke. The group missing SDP status has values in between the observed smokers and non-smokers, except for the preterm birth outcome, where the prevalence of preterm births is greater in the group missing SDP than in either of the non-missing groups. For further investigations of different patterns of smoking between pregnancies in the same mother see Appendix B and Appendix Table 6a-h in Supplementary Material.
Ordinary regression
Results from the ordinary cohort analyses for each outcome can be found in Table 4 . Results from previous studies were confirmed; SDP was associated with each of the outcomes. For example, offspring to mothers who smoked during pregnancy weighed 201 g less than offspring to mothers not smoking, and the association remained after controlling for the potential confounders (181 g less).
Within analyses: investigating familial confounding We proceeded to perform within-family analyses, where we compared half-cousins, full-cousins, maternal half-siblings, and full-siblings respectively (Table 4) . Our results were in line with previous research; the effect of SDP on pregnancy outcomes persisted in the within family analyses, although the estimates were somewhat attenuated. For example, even in the most controlled analyses (within fullsiblings), a child where the mother smoked while pregnant was on average 92 g lighter than his/her full-sibling born in a pregnancy where the mother did not smoke. In contrast, SDP seemed to have no direct effect on cognitive and externalizing outcomes when siblings discordant for smoking during pregnancy were compared. These results imply familial confounding for all of the long-term associations.
It should be noted that the within-sibling analyses are adjusting for unmeasured confounders assumed stable between pregnancies. To be a confounder a variable has to be related to the exposure as well as the outcome; such potential confounders may thus be viewed as stable in the mother (having an effect on the exposure) between pregnancies. An example of this is maternal genetic influences.
Structural equation models: estimating magnitude of genetic and environmental confounding
We estimated how much of the variation in the outcomes that was due to each variance source in eight separate univariate models. To maximize power, in a separate model, we used the full 1983-2009 cohort to estimates fractions of explained variance for SDP. Table 5 presents the variance components from univariate models, and Appendix Table 1 in Supplementary Material presents the modelled values from which the variance components were derived. As can be seen additive genetic effects (i.e., the heritability) explained 69 % of the variance for SDP, and between 27 and 86 % of the variance in the outcomes.
We then used SEM to fit separate bivariate models for each outcome, parameter estimates and standard errors from the full bivariate models are presented in Appendix Material). The magnitude of the correlations, as well as the part of the correlations explained by each of the variance sources in the best-fitting model, are displayed in Fig. 2 . For comparative reasons we produced a figure, similar to Fig. 2 Correlations between maternal smoking during pregnancy and outcomes in offspring and parts of the correlations explained by different sources of variance (Note Results from the bestfitting models, for full models see Appendix Figure 1 in Supplementary Material. Due to computational issues the model for the association between SDP and preterm birth, as well as with being born small for gestational age, was fitted in three steps; first SDP and outcomes were fitted separately, then the results from model fitting were used in the crossphenotype analyses.)
outcomes and the cognitive and externalizing outcomes. In all the associations between SDP and pregnancy outcomes, non-shared environmental effects, which are consistent with a causal inference, were important, explaining 12-20 % of the total correlation. In contrast, non-shared environment factors only accounted for 0-4 % of the observed associations with the cognitive and externalizing outcomes. Genetic factors explained a majority of the associations between SDP and the long-term outcomes, accounting for at least 74 % of the correlations.
To exemplify the quantification of the correlations we here present the calculations for the SDP-low academic achievement association, following the approach outlined in Appendix A in Supplementary Material. The total covariance, which in this case is equivalent to correlation since both variables have a variance of 1, is (values from Appendix Table 3 in Supplementary Material) 
Sensitivity analyses
The within-sibling analyses utilize mothers who are discordant in SDP between pregnancies. If these mothers were very different from non SDP-discordant mothers, especially in the associations between SDP's the outcomes, our results may not generalize to other types of families. However, we found no support for SDP-discordant families being substantially different; we observed that the means/ prevalences in outcome were roughly halfway between that of SDP-concordant non-smokers and smokers, indicating a liability in between the two concordant groups (Appendix Table 7 in Supplementary Material). Further, if SDP-discordant families are not generalizable to the general population we would not expect the agreement with withincousin comparison seen in Table 4 . If the SDP status in the first pregnancy affected the outcome in the second pregnancy, either directly through carry-over effects (e.g., smoking may induce a biological change in the mother, which carries over to following pregnancies) or through sibling contagion effect (e.g., the first offspring engages in criminal activities and influences the second offspring to do the same) the assumptions of sibling comparison would be violated and the within-sibling estimate would be biased. For the cognitive/behavioral outcomes we found no support for such effects being present when we conducted bidirectional analyses (Appendix Table 8 in Supplementary Material). As such, the results do not indicate that the assumptions in the sibling-comparison design, in as much as we could test them, account for the familial confounding of the associations between SDP and the long-term outcomes.
Discussion
Although SDP was associated with all outcomes in the domains we studied, in line with previous research (Cnattingius 2004; Huizink and Mulder 2006; Knopik 2009 ), we found support for different sources being responsible for the associations. Consistent with causal interpretations, the associations between SDP and pregnancy outcomes persisted when we compared siblings discordant for SDP (although the effect size of the association with preterm birth was relatively limited). For the long-term cognitive and externalizing outcomes, however, the analyses were not consistent with causal associations; when we compared siblings discordant for SDP, none of the long-term associations remained large, or statistically significant. Similar to our study, sibling-comparison studies of externalizing behavior (D'Onofrio et al. 2008 ), school performance (D'Onofrio et al. 2010b Lambe et al. 2006 ), substance use (D'Onofrio et al. 2012 , stress coping (KujaHalkola et al. 2010 ), criminality (D'Onofrio et al. 2010a ), intellectual performance (Lundberg et al. 2010) , and ADHD (Skoglund et al. 2013 ) have all suggested substantial familial confounding. Here, we took the analyses one step further and estimated the source of familial confounding. Consistent with the previously observed intragenerational correlation between SDP and maternal criminal behavior and other co-occurring risk factors , we found that genetic factors explained the main part of the associations with cognitive and externalizing outcomes in the offspring. These results are in line with the findings from family studies and in vitro fertilization studies of SDP and ADHD (Langley et al. 2012 , Thapar et al. 2009 ). In a recent study on the association between SDP and conduct disorder using an adoption design, the results suggested that the association was not due to familial confounding during the postnatal period (Gaysina et al. 2013) . The finding, which is consistent with our results, suggests the familial confounding is due to factors present during the prenatal period (e.g., genes), rather than being exerted in the postnatal period.
One of the major strengths of the current study is the use of a populations based sample, where data has been collected prospectively. Furthermore we utilized the knowledge of familial relationships to estimate effects, which may be interpreted as being relatively free of confounding of factors shared within families. None of the sensitivity analyses indicated that the within-sibling results were due to the assumptions inherent in the sibling-comparison design that we were able to test. The extensive family information also allowed us to disentangle the relative contribution of genetic and environmental effects for the association between SDP and outcomes in offspring; sibling-comparison studies by themselves are unable to do so ). Furthermore we predicted multiple outcomes in each of the domains to avoid misrepresenting inferences, and we found converging results.
The measure of SDP was a yes/no at approximately 15 weeks of gestation. Thus we did not investigate any dose-response relationship, neither in terms of how much the pregnant women smoked, nor for how long.
One of the reasons for writing this paper was to better understand the previously identified familial confounding for some of the SDP associations. To do this, we wanted to use the best available data. However, there were no methods developed for these types of family based analyses, and we therefore developed the method used in this paper. Admittedly, the parameterization used might not be the ultimately best one, especially not for the shared environmental parameters. We chose to separate the environment into variance parts C, M, P, and E. This is a somewhat arbitrary choice that might, or might not, be valid. In the best case scenario, we have captured the most important features of how environmental influences' on phenotypes are shared between relatives, and therefore estimates of cross-phenotypic additive genetic effects are unbiased. In the worst case scenario, our estimates of crossphenotypic additive genetic effects are biased, but the within-family estimates testing causal inferences would remain unchanged. Further, we assume that maternal siblings have shared environmental effects (the C in offspring generation and M in parental generation), while paternal siblings have not. We do this since when parents divorce offspring tend to more often live with the mother (Statistics Sweden 1994). However, we did not explicitly validate this assumption in the present data. Because the main source of confounding was genetic, we did not try to further evaluate the different shared environmental parameters, because that would most likely not contribute to different interpretations of the data. If these methods are used for other research questions, further method developments might be needed.
Model fitting of the quantitative genetic ACMPE model presented some problems because the method is novel and the software has not been used for similar types of data sets. This lead to several drawbacks, first we were not able to fit the full bivariate models for the SDP-preterm birth and SDP-born small for gestational age associations since the models failed to converge. Instead we chose to use parameter estimates from separately fitted univariate models for SDP and outcomes in the bivariate analyses, where we estimated the cross-phenotype parameters. This may introduce bias, and spuriously increase precision in the parameters in the bivariate model. Second, we encountered problems in finding the global likelihood maximum. Focusing on finding the best fit for the models, we ran each model from a variety of starting values, and re-ran them from the previously fitted values, to ensure that a global likelihood maximum had been reached. The difficult optimization procedure, which solely focused on improvements in the likelihood, made the standard errors for some parameters not reliable (since the curvature of the likelihood around the fitted values, which is captured by the hessian matrix and used to calculate standard errors, obtained from a fitted model with starting values close to the final fitted values did not behave well for our models and data). To solve this problem we did not rely on standard errors in model fitting and inference from these models, rather, we used likelihood ratio tests (Appendix Tables 4a-h in Supplementary Material). We have neither considered dominant genetic effects nor assortative mating in our analyses. The measure for SDP is self-reported and may thus be subject to misclassification, which in turns leads to bias (toward null) of the associational estimates, which is particularly problematic for within-relative analyses (Frisell et al. 2012a; McGue et al. 2010) . However, our exposure has been shown to be valid (Lindqvist et al. 2002) , and we were able to estimate robust associations with pregnancy outcomes within families, suggesting measurement error alone cannot account for the findings.
Prevention of SDP remains important; in our analyses we add further support of SDP being a causal risk factor for birth/pregnancy-related complications. However, we find no such support for adolescent/adult outcomes in the cognitive and behavioral problems. Nevertheless, the observed associations are real; mothers who smoke while pregnant have offspring with greater risk of many adverse outcomes throughout life. Our results suggest that the sources of the long-term associations originate in families (primarily due to shared genetic variation), however. Although this should not be interpreted as a deterministic feature, which is immune against interventional efforts, there are nevertheless important consequences. Understanding the underlying associations between SDP and offspring outcomes is necessary for appropriate prevention, intervention and future research efforts. For example, an imaging study was recently conducted where measurable differences between offspring of exposed and not exposed to SDP during reward anticipation were observed (Muller et al. 2013) . The potential for genetic variants passed down from mother was noted as a limitation but not examined further, in contrast to imaging work on schizophrenia and working memory (Karlsgodt et al. 2007 ). Thus, Muller et al. cannot be certain that it is smoking that caused the observed differences or if the differences were caused by genetic variants passed down from the smoking mother. Thus, to avoid wasted resources, the information that genetic effects are of substantial importance for the association between SDP and long-term outcomes should be considered in intervention and prevention, as well as in basic (e.g., clinical neuroscience) research.
